Objective: To describe three cases of Cushing's disease in children with multiple endocrine neoplasia type 1 (MEN1), as clinical manifestations of MEN1 are very rare in childhood. Design and methods: A retrospective review of three cases of Cushing's disease diagnosed between 1997 and 1999. Genetic screening for MEN1 gene mutation was performed in each patient. Results: An ACTH-secreting microadenoma was diagnosed in three children, aged 11 -13 years, presenting with growth retardation and weight gain over a period of 3-4 years. All patients had successful transsphenoidal adenomectomies. Primary hyperparathyroidism was subsequently diagnosed in two of the patients, and in the monozygotic twin of one of the patients. A new mutation in the MEN1 gene (Tyr351His) was identified in two of the patients and the affected members of their families. In the third patient a de novo MEN1 gene mutation (Leu444Pro) was found. Conclusions: MEN1 has to be considered in all children with tumours of the pituitary gland, and in those presenting with primary hyperparathyroidism. The children and their families should be advised to seek genetic counselling. We suggest that careful growth records be kept for children at risk of developing inherited MEN1 and, in the event of a decelerating growth rate, further diagnostic evaluation be undertaken with regards to ACTH-secreting pituitary tumours.
Introduction
Multiple endocrine neoplasia type 1 (MEN1) is an autosomal dominant disorder characterised by primary hyperparathyroidism in association with endocrine enteropancreatic tumours and anterior pituitary adenomas, but manifestations as carcinoid tumours, adrenal adenoma and lipoma are also seen (1). The occurrence of two of the MEN1-related endocrine tumours is sufficient to make the clinical diagnosis. The gene responsible for MEN1 was identified in 1997 (2). It is located on chromosome 11q13 and encodes menin, which acts as a tumour-suppressor by altering JunD-mediated transcription (3 -5). The penetrance of MEN1 gene mutations is complete: all patients who carry the mutation develop the disease. The phenotype is highly variable and no correlation of a phenotypic expression with a particular mutation has been found to date (6, 7). Carriers of a MEN1 gene mutation may benefit from periodic clinical screening (8).
Primary hyperparathyroidism is the most common presenting manifestation, with a prevalence approaching 100% (1, 9, 10), whereas pituitary tumours have been described in more than 50% of series of MEN1 families (11 -13) . Mechanisms involving neoplastic transformations of specific pituitary cell types and stimulation of their cell growth have been suggested (4, 14) . Primarily prolactinomas and, less frequently, non-functional tumours and growth hormone (GH)-producing tumours are found, whereas corticotrophin (ACTH)-producing tumours are very rare (9, 13, 15, 16 ).
Cushing's disease has not previously been reported in children with MEN1. We present the cases of three children aged 11 -13 years who were admitted to hospital with clinical suspicion of Cushing's disease, in whom MEN1 gene mutations were subsequently found. measured. A 50% decrease in serum cortisol values during the test was interpreted as suggestive of pituitary-dependent Cushing's disease. Normal persons suppress serum cortisol to less than 50 nmol/l.
Bilateral inferior petrosal sinus sampling
Bilateral inferior petrosal sinus sampling (IPSS) and peripheral vein sampling for measurements of ACTH were performed before and after administration of corticotrophin releasing hormone (CRH) in a dose of 1 mg/kg i.v. A central-to-peripheral ACTH ratio and the ratio of ACTH concentrations in the two sinuses were used for diagnosis and lateralisation (17) .
Mutation analysis
The menin gene was screened for mutations by PCR amplification of individual exons as described by Chandrasekharappa et al. (2), followed by direct sequencing in both orientations, with fluorescent dye terminators on an ABI 377 or 310 DNA sequencer (Applied Biosystems, Foster City, CA). All mutations were confirmed by analysis of two independently collected blood samples.
Routine analyses
Normal ranges for free urinary cortisol excretion, plasma ACTH, ionised serum calcium, and intact parathyroid hormone (PTH) are given for each patient, because different reference values were used at the two clinics involved.
Case reports
Informed consent to participation in the study was obtained from all the patients and their parents.
Patient 1
A 13-year-old boy, a twin, was admitted to our paediatric clinic because of clinical signs suggestive of Cushing's syndrome. In childhood his appearance and growth had been identical to those of his monozygotic twin brother, but from the age of 9 years his growth rate had decreased, with a loss of height from 2 0.7 to 2 2.1 S.D.; in addition, truncal obesity was observed in comparison with his brother (Figs 1, 2) . The boy complained of headaches, muscle weakness and fatiguability. A computed tomography (CT) scan of the cerebrum performed 10 months before his admission to the paediatric unit was interpreted as normal.
At admission to hospital, the boy presented with moon face, truncal obesity, thin limbs, acne and pubic hair Tanner stage IV (PH 4) in spite of an infantile testes volume (2 ml). His height was 141 cm, his weight 39.4 kg and his blood pressure 141/82 mmHg. Serum Na, K and blood glucose values were normal.
Urinary excretion of free cortisol was increased (1160 nmol/24 h; normal range 37 -341 nmol/24 h). No diurnal rhythms of serum cortisol (0800 h 781 nmol/l, 2200 h 698 nmol/l) and plasma ACTH (0800 h 58 ng/l, 2200 h 60 ng/l; normal range 10 -60 ng/l) were observed. A dexamethasone suppression test demonstrated suppression of serum cortisol to 66 nmol/l and of urinary free cortisol excretion to 59 nmol respectively. A clonidine stimulation test showed decreased secretion of GH (peak value 7.9 mU/l, normal . 15 mU/l) and a luteinizing hormone-releasing hormone (LHRH) test showed prepubertal luteinizing hormone and follicle-stimulating hormone responses. Thyroid hormone axis and serum prolactin concentrations were normal. Bone age was normal for chronological age.
Cerebral magnetic resonance imaging (MRI) revealed a pituitary microadenoma. MRI of the abdomen and chest radiograph was normal. Transsphenoidal surgery (TSS) was performed. Histological investigation confirmed the diagnosis of an ACTH-producing pituitary adenoma. Postoperative substitution with hydrocortisone was gradually decreased over the following 10 months; catch-up growth and normal pubertal development were observed, and pituitary function recovered.
Primary hyperparathyroidism was subsequently diagnosed on the basis of increased ionised serum calcium (1.40 nmol/l; normal range 1.18 -1.38 nmol/l) and increased PTH (8.7 pmol/l; normal range 1.3 -7.6 pmol/l). Investigation of the kidneys showed a large stone (0.7 £ 1 cm) in the right kidney and two small stones in the left kidney. Final height at the age of 18 years was 171 cm, shorter than the target height of 179 cm and considerably shorter than that of his twin brother (186 cm).
Family history The boy's father suffered from primary hyperparathyroidism and renal stones, and the paternal grandmother had undergone surgery for primary hyperparathyroidism. In addition, distant relatives had been reported to suffer from primary hyperparathyroidism, renal stones and gastropancreatic tumours, suggesting a large family with MEN1 syndrome.
Screening for hypercalcaemia was performed in the asymptomatic twin brother, and hyperparathyroidism was revealed, with increased ionised serum calcium (1.41 nmol/l) and serum PTH (7.7 pmol/l). An abdominal CT scan revealed a large renal stone (2 £ 1 cm) located at the left pelvis. Subtotal parathyroidectomy leaving half a gland was performed. The histology confirmed parathyroid hyperplasia. Subsequently, extracorporal shock wave lithotripsy treatment of the renal stone was performed because of development of secondary hydronephrosis. Cushing's disease or other MEN1-related symptoms were not demonstrated.
Screening for hypercalcaemia in an 8-year-old sister was normal, and at the age of 15 years she still had no MEN1-related symptoms.
DNA-testing Sequencing of the menin gene showed that the proband carried a heterozygous T ! C transition in exon 8, leading to substitution of tyrosine to a histidine at position 351 in the menin protein (Tyr351His). The mutation was also detected in the monozygotic twin and the father. No mutation was present in the patient's sister. The missense mutation has not previously been functionally characterised but, from the large pedigree, it can be calculated that it segregates with the disease phenotype with a logarithm of odds score of 3, indicating that it is tightly linked to the disease (AC Jaeger and LJ Friis-Hansen, personal communication).
Patient 2
An 11 1 2 -year-old girl was admitted to our paediatric clinic because of clinical signs of Cushing's syndrome, including weight gain from 2 0.5 S.D. to þ 0.8 S.D. and decreasing growth rate, with loss in height from 0 S.D. to 2 1.6 S.D. over a period of 3-4 years (Fig. 3) . She complained of headache and dyspnoea during exercise. At the time of her admission she presented with truncal adipositas, moon face and hirsutism, but no striae. Pubertal staging was B3 and PH3 a.m. (Tanner). Her height was 136 cm, her weight 40.4 kg, and her blood pressure 122/80 mmHg. Bone age was normal. Serum Na, K and fasting blood glucose concentrations were normal. Urinary free cortisol excretion was increased (491 nmol/24 h; normal range 50 -230 nmol/24 h). Serum ACTH was increased (29 pmol/l; normal range 2 -14 pmol/l) and serum cortisol was 575 nmol/l. A dexamethasone suppression test showed suppression of serum ACTH and serum cortisol to 1 pmol/l and 13 nmol/l respectively. Stimulation of the GH axis by clonidine revealed a low excretion of GH (peak concentration 4.4 mU/l). The thyroid hormone axis was normal and serum prolactin concentrations were in the normal range. A lipoma on the right shoulder was removed when the girl was aged 16 years and histology showed no malignancy. At the age of 18 years, her final height was 155.2 cm, for a target height of 154 cm. Weight was 42.7 kg.
Family history The sister and the mother of the index patient were examined and shown to have increased serum calcium concentrations and increased PTH concentrations. The mother's brother had undergone surgery for a malignant carcinoid tumour of the thymus and had increased serum concentrations of calcium and PTH.
Genetic testing of the MEN1 gene showed that the girl harboured the same mutation as described in patient 1. The mother and the sister also carried the same mutation. Further genetic investigations in this large family are in progress and will be reported elsewhere.
Patient 3
A 12 1 2 -year-old girl was referred to our paediatric clinic because of progressive obesity and decelerating growth rate, with loss in height from 2 0.3 S.D. to 2 2.3 S.D. from 9 years of age (Fig. 3) and intermittent headache.
At the time of admission, the girl presented with short stature, truncal obesity, thin limbs, moonface with a flushing appearance, no breast development, but PH 3. Her height was 142 cm, her weight 46.7 kg and her blood pressure 135/76 mmHg. Bone age was retarded by 1.5 years. Serum Na, K and blood glucose concentrations were normal. Urinary free cortisol excretion was increased (800 nmol/24 h; normal range 37 -341 nmol/l/24 h), and a loss of normal diurnal rhythm of serum cortisol (0800 h 502 nmol/l, 2200 h 539 nmol/l) was found. During a dexamethasone suppression test, urinary cortisol excretion, serum cortisol concentrations and plasma ACTH concentrations became suppressed to 29 nmol, 38 nmol/l and 7 ng/l respectively. Peak GH concentration as measured by a clonidine stimulation test was 14.7 mU/l. Serum prolactin concentration and the thyroid hormone axis were normal. An LHRH test showed a prepubertal response.
An ACTH-producing pituitary microadenoma was confirmed by MRI and IPSS. Abdominal MRI and CT scan of the chest were normal. Transsphenoidal surgery was performed successfully. Hydrocortisone replacement was slowly decreased over the following 6 months. Normal pituitary function was restored, with catch-up growth and pubertal development; menarche was noted at the age of 13 1 2 years. Final height when the girl was 16 1 2 years of age was 159.3 cm (target height 168 cm) and weight was 53.5 kg.
Subsequently, primary hyperparathyroidism was diagnosed, with increased ionised serum calcium Family history Genetic screening for MEN1 gene mutation was performed, revealing a heterozygous T ! C transition at codon 44 in exon 9, resulting in a leucine to proline substitution at position 444 in the menin protein (Leu444Pro). Screening for hypercalcaemia was performed in the asymptomatic parents and the older sister, with normal results. None of these family members carried the missense mutation.
Results
Three children (two girls, one boy), 11 -13 years of age, were admitted to our paediatric clinic for investigation of Cushing's syndrome. An ACTH-secreting pituitary microadenoma was diagnosed in all of them, and successful TSS was performed. Subsequently a primary hyperparathyroidism was diagnosed in the boy and his monozygotic twin brother, and in one of the two girls.
Genetic screening confirmed the diagnosis of MEN1 in all three children with Cushing's disease. In two of the patients, the same mutation of the MEN1 gene (Tyr351His) was found. This mutation had not previously been described. Subsequently, the mutation was identified in affected members of their families, leading to a diagnosis of MEN1.
In the third patient, another mutation of the MEN1 gene (Leu444Pro) was found. The parents and sister of this girl did not carry the mutation. This sporadic mutation had previously been described in an Italian family.
Discussion
Clinical manifestations of MEN1-associated diseases are very rare in childhood. Our three cases demonstrate that ACTH-producing pituitary adenomas in MEN1 can occur in patients of young age. The clinical presentation of Cushing's disease did not differ from ordinary cases of this disease. The sensitivity and the specificity of the high-dose dexamethasone suppression test is only about 80%, which explains the normal suppression of serum cortisol and urinary cortisol excretion in two of our three patients (18, 19) . The suggestion of MEN1-associated Cushing's disease first arose with detection of primary hyperparathyroidism in patients 1 and 3, and subsequent family history in patients 1 and 2. Genetic testing of affected members of the families of patients 1 and 2 showed the same mutationof the MEN1 gene, not previously described. Further exploration of the history of these two families revealed distant membership of a large kindred with clinical signs of MEN1 in several generations going back to the 19th century. In patient 3, a sporadic new mutation of the MEN1 gene was found, which had been described earlier in an Italian kindred (20) . It is known that de novo mutations are found in about 15% of patients with MEN1 (9, 21).
To our knowledge, this is the first report describing clinical symptoms and genetic testing in monozygotic twins with MEN1. It is of interest that the twin brothers presented different phenotypes, with primary hyperparathyroidism and renal stones in both, but Cushing's disease only in the index patient. The variability in phenotype may reflect the results of random chance for a second mutation in susceptible cells with loss of heterozygosity, in accordance with Knudson's 'twohit' hypothesis (4, 21). Prolactinomas are much more common in MEN1 than are ACTH-producing pituitary adenomas, and it has been shown that prolactinomas in MEN1 appear to be larger and more aggressive than sporadic cases in patients without MEN1 (4, 9, 14, 15).
In heritable disorders, the benefits of a genetic diagnosis must be balanced against the psychological burden of the screening procedure. No curative treatment can be offered to carriers of MEN1 gene mutations, but early detection and treatment at a presymptomatic stage may decrease morbidity and mortality (8). Thus the children's families should receive genetic counselling throughout, in order to be able to make informed decisions. Using mutation screening of the MEN1 gene, a mutation is detected in 80 -90% of affected patients. Hence, screening for mutations of the MEN1 gene can confirm the clinical diagnosis in most of the patients, but in 10 -20% no mutation can be found.
The earliest reported presentation of any serious endocrine tumour in MEN1 was of an aggressive prolactin-and GH-secreting pituitary macroadenoma in a 5-year-old boy (22) . A pancreatic insulinoma has been described in a 7-year-old boy (23) , and primary hyperparathyroidism from the age of 8 years (24) . Johnston et al. (25, 26) suggested a screening programme for children carrying MEN1 gene mutations, to start at the age of 10 -15 years. These children should be screened with annual blood tests measuring serum calcium, pancreatic polypeptide and gastrin, prolactin and insulin-like growth factor-1. Annual pancreatic ultrasound and pancreatic and pituitary MRI every 3-5 years should also be performed. A consensus statement from 2001 (24) recommended that screening begin at 5 years of age. We suggest that careful growth records should be added to the annual screening programme, and further measures should be performed in children who fail to thrive, with respect to the possible presence of an ACTH-secreting pituitary tumour. Children with negative results from genetic testing for a known familial MEN1 gene mutation can be spared a prospective screening programme and uncertainty.
The incidence of Cushing's disease in children is rare compared with the rate of occurrence in adults (27, 28) . Cushing's disease accounts for 75% of children admitted for Cushing's syndrome (29 -31) , with a mean age at diagnosis of about 11 -14 years (range 6-18 years), as for our patients. Cure or remission rates after TSS have been reported as 50 -98% (29, 32 -34) . Postoperative endocrine deficits are permanent in only a small proportion of patients (35) . All our patients remained in remission 4 -6 years after TSS, with restored pituitary function. TSS was also followed by catch-up growth in our patients, but a reduction in final height was clearly demonstrated in patient 1 (36).
In conclusion, in patients presenting with Cushing's disease or other pituitary adenomas in childhood in addition to hyperparathyroidism, a careful family history with regards to familial MEN1 should be performed, and the possibility of genetic confirmation of the diagnosis of MEN1 should be offered to the children and their families. Careful growth monitoring should be performed in children at risk of developing inherited MEN1, and in the case of growth failure, further investigation with regard to an ACTH-secreting pituitary tumour should be undertaken.
